Dietary seaweeds, common in Asia and in Asian restaurants, have become established as part of popular international cuisine. To understand the possibility for iodine-induced thyroid dysfunction better, we collected samples of the most common dietary seaweeds available from commercial sources in the United States, as well as harvester-provided samples from Canada, Tasmania, and Namibia. Altogether, 12 different species of seaweeds were analyzed for iodine content, and found to range from 16 g/g (Ϯ2) in nori (Porphyra tenera) to over 8165 Ϯ 373 g/g in one sample of processed kelp granules (a salt substitute) made from Laminaria digitata. We explored variation in preharvest conditions in a small study of two Namibian kelps (Laminaria pallida and Ecklonia maxima), and found that iodine content was lowest in sun-bleached blades (514 Ϯ 42 g/g), and highest amount in freshly cut juvenile blades (6571 Ϯ 715 g/g). Iodine is water-soluble in cooking and may vaporize in humid storage conditions, making average iodine content of prepared foods difficult to estimate. It is possible some Asian seaweed dishes may exceed the tolerable upper iodine intake level of 1100 g/d.
Introduction

I
ODINE WAS FIRST IDENTIFIED as an element based on the observations of Courtois in 1811 that sulfuric acid-treated seaweed ash produced a purple vapor that condensed into purple crystals (1) . For many decades, seaweeds were the primary source of iodine for medicinal purposes, only being supplanted by the discovery that iodine could be extracted from silver and saltpeter mining deposits. These mineral sources were less expensive than collecting seaweed and burning it, and by the late 1930s, seaweed was no longer used as an iodine source (2) . In the United States, seaweeds have also been used to enrich soil, as sources of inexpensive minerals for animal food supplements, and recently, as food and a natural source of iodine and other minerals in health supplements.
In an earlier study, we and others reported that dietary seaweed delayed the time to tumor onset in a rat dimethylbenzanthracene mammary-induced cancer model (3) (4) (5) (6) (7) . In preparation for a clinical study in humans, it was necessary to evaluate common edible seaweeds for iodine content since excess iodine intake might adversely affect thyroid function. We present our findings for 12 different edible seaweeds, and evaluate factors that modulate seaweed iodine content.
Seaweeds have been a part of the world's ecosphere for 2 billion years (8) , during which time they have changed little. Although archaeological evidence for the use of seaweeds is hampered by its easily degradable nature, it is likely that seaweeds have been part of traditional diets of coastal dwelling peoples worldwide. Seaweeds have been used by humans as medicine and food for at least 13,000 years. Based on discoveries of seaweeds found at Monte Verde, a late Pleistocene settlement in Chile (9,10) and archeological inference from ancient sites of the Jomon period in Japan (11), seaweeds have been included in three of the major medical traditions: Ayurvedic medicine from the fourth century BC (12) ; Traditional Chinese Medicine, with its first reference to its medicinal qualities reportedly made by Shen-nung in the Chinese Materia Medica of 2700 BC (13) ; and in the Ebers Papyrus, the Egyptian treatise on medical care, written approximately in 1550 BC (14) . The medicinal uses of seaweed are vast and range from topical burn therapy to goiter therapy to softening of tumors (15) . As food, seaweeds have been treasured by the nobility of Japan and China, as well as commoners such as fishermen living along the coast. In 600 BC, Sze Teu wrote, "Some algae are a delicacy fit for the most honored guests, even for the King himself (11) ." Tax records from the eighth century indicate that more than 30 kinds of seaweed were listed as tax payments to the Japanese government (11) . National Seaweed Day (February 6) in Japan commemorates this official recognition of the value of seaweed (16) , and the continuing high status of seaweed in Japanese culture. In a recent article on improving public health nutrition in Japan, a recommendation for increasing seaweed consumption was included (17) .
The actual amount of seaweed consumed is difficult to quantify because it is often as flavoring to noodles, soups, garnishes, and added as part of mixed vegetable dishes, as well as being a food that is served as a distinct entity as a snack, salad or side dish. In addition, seaweed is a part of military and religious ceremonial celebration foods in Japan. Soups containing seaweed (miso or wakame) have traditionally been included as part of most meals in Japan (8), although this is changing toward more Western foods (18) . Estimated iodine intake of people in Japan, mostly from seaweed, ranges from 200 to 20,000 g/d, with the average estimate of 500-1000 g/d (19) . The average seaweed intake in Japan is approximately 4-7 g/d (11, 20, 21) . Commercial data on seaweed sales in Japan estimate that the national average seaweed consumption per person is 4 kg/yr, or closer to 10 g per person per day (22) .
In Japan, 21 species of seaweed are routinely included in the diet and in Korea more than 40 kinds of seaweed are commonly used as food (11) . Elsewhere in the Pacific basin, in Hawaii and other Polynesian islands, 29 kinds of seaweed have been reported as food, medicine, and as part of religious celebrations in precolonial times (23, 24) , and seaweeds are still part of the diets of many indigenous people living in Asia, Polynesia and the Pacific Islands. Seaweeds are increasingly common foods and food supplements in the United States. As international foods have become commonplace throughout the world, seaweed consumption has increased. One study of marketing trends reported that 15% of Americans enjoy Japanese cooking (25) . Popular claims for seaweed are that they provide an all-natural source of minerals. Such claims of efficacy have placed seaweeds in the role of nutriceuticals as well as regular food.
Methods and Materials
We obtained seaweed samples from health food stores in central Massachusetts, by contacting seaweed harvesters in Tasmania, Maine, and British Columbia, and collecting samples of kelp (Laminaria and Ecklonia) of known age and condition from Namibia. All samples were in the form that an average consumer might buy.
Samples were analyzed according to the standard determination of total iodine as outlined by Benotti et al. (26) . This uses the reduction-oxidation reaction between ceric and arsenite catalyzed by iodide. The iodine concentration is proportional to its catalytic activity. Twenty-five 50-mg samples were digested with chloric acid and diluted with iodine free deionized water. They were then measured spectrometrically at 420 nm with a Technicon Autoanalyzer (Technicon Instrument, Inc, Tarrytown, NY). Values in the seaweed were based on an iodine standard curve. At least three aliquots from each seaweed were analyzed for iodine content. The mean value is presented Ϯ standard deviation (SD).
Results
Iodine content of seaweeds varied from 16 g/g to 8165 g/g ( Table 1 ). The highest iodine-containing sample came from kelp granules that had been made from Laminaria digitata harvested off the coast of Iceland. The kelp granules were made of dried and pulverized seaweed.
In Figure 1 we compare the common edible seaweeds by iodine content. It is interesting to note that American wakame (Alaria) and kelp (Laminaria), both remarkably similar in appearance, have a marked difference in iodine content, even when both specimens were harvested on the same day by the same harvester from the same bay.
Iodine has been reported to vary with age and condition of the plant, with iodine loss thought to occur rapidly once a seaweed is no longer growing. In Figure 2 , sun-bleached seaweed collected from the beach had the lowest iodine content, followed by samples collected from floating drifts of seaweed. Samples cut from growing juvenile (Ͻ50 cm), had approximately twice the amount of iodine per gram as found in samples from adult seaweed. Figure 3 
presents the iodine content in different parts of two kinds of seaweed (Ecklonia maxima and Laminaria pallida).
The iodine content in the inedible stipes was approximately 50% lower than the blades. Meristematic tissue, the growing area at the base of the blade of the seaweed, was available for Laminaria from Namibia. The higher concentration of iodine in this area of the seaweed suggests that iodine is important to rapidly dividing seaweed cells.
Discussion
Dietary seaweeds have great variability in iodine content. The problem is further compounded by the use of some high-iodine seaweeds as flavoring in some traditional Asian soup stocks and other dishes, in which the seaweed is removed before serving. A range of post harvest factors affects iodine content of seaweed, including preparation and storage conditions.
The iodine in common edible seaweeds is mostly water soluble, with highest levels reported in kelp (Laminaria), of which 99.2% is water soluble (27) , although another edible seaweed, Sargassum, had only 40% water soluble iodine. The bioavailability of the seaweed iodine to humans has been reported (28-30). Hou et al. (27) reported that the chemical species of iodine in common seaweeds were primarily I Ϫ , 66% (Sargassum) to 88% in kelp (Laminaria). Organic iodine ranged from 10% in kelp to 29% in Sargassum, and iodate (I0 3 Ϫ ) from 1.4% in kelp to 4.5% in Sargassum (27) . Geographic variation in iodine content is also a factor, and iodine values for seaweeds from our study and other published work is presented in Table 2 . For example, iodine in wakame (Undaria) was 23 times higher in the sample from China, and 2.5 times higher in the samples analyzed by Lee et al. (31) than in the samples we analyzed from New Zealand, Australia, and Japan. Kelp varied from an average of 1542 g/g in the 10 species of Laminaria in our study to 5307 g/g in the values reported for French Laminaria (30) . The red seaweeds (Rhodophyta) analyzed (dulse and nori) were consistently lower in iodine, less than 100 g/g.
In studies of iodine loss caused by storage conditions, Marchal et al. (29) reported that iodine content remained more or less constant when stored in watertight bags or boxes, but lost almost half of its iodine content in the first 40 days when stored in open containers or in paper bags, especially under
FIG. 2. Iodine content of
Laminaria pallida compared by harvesting condition and age of seaweed sample.
FIG. 3.
Iodine content compared by part of adult fresh seaweed.
humid conditions, in which moisture might condense to concentrate water soluble iodine from the seaweed.
Additional factors known to affect iodine content of seaweed are season, salinity of the water, and depth of the seaweed, coldness of the water, distance from the equator, postharvest storage conditions, and possibly other factors (32) .
Other factors that affect the iodine content of seaweed include the part of the seaweed used. The stipe (stalk), although generally regarded as inedible, could be included in specimens harvested for health food supplements. In our study, the meristematic tissue at the base of the blade had the highest iodine content. Harvesting regulations in places such as Maine require leaving the base and at least 16 inches of seaweed, including the holdfast, stipe, and first few inches of the blade, which would include the meristematic tissue, on the rock. If harvesters did this, consumers would be protected from the high iodine containing meristematic tissue. However, harvesters do not routinely follow these guidelines either in the United States or internationally (33) .
Food preparation and cooking methods are other factors in determining final iodine content of foods. Iodine in seaweed is highly water-soluble. One study of the effects of cooking on kelp reported that after 15 minutes of boiling, 99% of the seaweed iodine could be found in the cooking water (34) . Although not specifically related to seaweed iodine, cooking loss of iodine from iodized salt has been studied. Goindi et al. (35) reported that the method of cooking was important in iodine loss, with losses ranging from 6% when roasted, to 20% when steamed or deep fried, to 27% when shallow fried, to 37%-82% with boiling (36) . Although the previous values are for iodine in other foods, it is likely that cooked seaweed would be subject to similar rates of loss.
A meal is never made from only seaweed. Seaweed, when eaten in a meal with other foods with goitrogenic potential, such as cassava, Brassica (broccoli, cabbage, cauliflower, bok choy, etc.) and soy, may mitigate the effect of the high iodine in the seaweed.
The activity level of the person eating the seaweed has also been reported to be significant in terms of assessing exposure to seaweed iodine (37) . In a study of Japanese male university students, iodine losses in sweat during athletic training were high, suggesting that exercise in hot humid climates could increase iodine daily requirements.
Although exposure to high concentrations of iodine will transiently decrease thyroid hormone synthesis for approximately 24 hours (acute Wolff-Chaikoff effect [38] ), continued exposure to excess iodine results in a decrease in the iodide concentrating ability of the thyroid by decreasing the thyroid sodium iodide symporter (NIS), permitting normal thyroid hormone synthesis to resume (38, 39) . However, some individuals do not escape or adapt to the transient decrease in iodine-induced thyroid hormone synthesis (i.e., those with autoimmune thyroid disease [Hashimoto's thyroiditis]), and continued excess iodine ingestion may induce hypothyroiditis (40) . Thus, excess ingestion of seaweeds could, in susceptible subjects, induce hypothyroidism and, far less commonly in the United States, hyperthyroidism. Episodic dietary exposure to high-iodine-containing foods could pose health risks for iodine sensitive patrons. For example, the iodine content of nori, the flat sheets of seaweed used to make sushi, contain trivial amounts of iodine (16 g/g), but a bowl of miso soup made with a kelp flavored stock, even without the presence of seaweed in the final soup, could contain more than 1000 g of iodine. These sources of natural variation in iodine content contribute to the confusion in describing a particular species as "safe" for iodine sensitive individuals.
Seaweed iodine presents an interesting study in how people in Japan and Korea, with habitual exposure to seaweedcontaining diets could be relatively immune to any effects of high iodine intake, but a single seaweed rich Japanese meal could present health risks to iodine sensitive unhabituated diners in low-iodine consuming countries. A greater awareness of the variability of iodine content of seaweeds will help in defining high-risk foods for sensitive individuals. The observation of Paracelsus (1493-1541), the founder of toxicology, "All substances are poisons; there is none which is not a poison. The right dose differentiates a poison and a remedy" (41) , may need to be amended for iodine in seaweed. The safe dose of seaweed may depend on the kind of seaweed, but also the storage conditions, cooking methods, the climate where the person resides, the amount of physical exercise a person does, the presence of goitrogenic foods eaten with the meal, and the frequency of seaweed consumption.
